Ischaemic but viable myocardium may exhibit prolongation of contraction and QT interval duration, but it is largely unknown whether non-invasive assessment of regional heterogeneities of myocardial deformation and QT interval duration could identify patients with significant coronary artery disease (CAD).
Introduction
Non-invasive detection of significant coronary artery disease (CAD) in patients with chest pain and no history of myocardial infarction (MI) is a challenging task in everyday clinical practice. In addition to guideline-proposed diagnostic pathways, several studies demonstrated that two-dimensional speckle tracking echocardiography (2D-STE) might further help to identify patients with significant CAD by detecting subclinical left ventricular (LV) dysfunction at rest. 1 -6 Although the majority of proposed strain parameters are based on the amplitude of longitudinal peak systolic strain (LPSS), it has been suggested that not only the amplitude but also the pattern of myocardial deformation may be useful for making distinction between normal and ischaemic myocardium. 7 In contrast to normal myocardium where maximum longitudinal shortening occurs in close proximity to aortic valve closure (AVC), ischaemic but viable myocardial segments may exhibit the prolongation of shortening after the AVC resulting in dispersion of myocardial contraction duration. However, differences in regional LV architecture and possibly local stress may cause non-uniform contraction of normal left ventricle as well, 8 and it is, therefore, unknown whether the assessment of myocardial mechanical dispersion by strain imaging could distinguish normal from ischaemic myocardium. It is further unknown whether the QT interval prolongation, a marker of electrical dispersion associated with increased likelihood of CAD, 9 -11 is related to prolongation of mechanical contraction in patients with significant CAD. While in patients with congenital long QT syndrome (LQTS) prolonged action potential duration is associated with prolonged cardiac contraction, it is unknown whether such relationship exists in the context of CAD. 12 We therefore sought to investigate the value of mechanical and QTc dispersion for the detection of significant CAD and to assess their potential relationship in patients without a history of MI.
Methods
A total of 205 consecutive patients with suspected CAD referred for coronary angiography were retrospectively included in this study-160 patients with significant CAD (mean age: 62 + 9 years, 76% male) and 45 patients without significant CAD (57 + 11 years, 40% male). Patients were preselected on the basis of sufficient image quality for 2D-STE and the presence of high-grade left anterior descending coronary artery (LAD) stenosis. 2 Further, only patients without a history of MI and pathological Q-waves on ECG were included, while those with arrhythmias, left bundle branch block, more than mild valvular heart disease, or taking drugs known to prolong the QT interval were not eligible for the study.
Electrocardiography
The standard 12-lead electrocardiogram (ECG) was routinely recorded within an hour of echocardiographic examination, at a paper speed of 25 mm/s and a standardization of 10 mm/1 mV. ECG tracings of good quality were available in 166 patients. The QT intervals were measured manually in all leads, and heart rate was corrected (QTc) using the Bazett's formula. 13, 14 QTc dispersion was measured as the difference between longest and shortest QTc intervals in any of the 12 ECG leads. 15, 16 All measurements were done by an investigator unaware of any other data.
Echocardiography and two-dimensional speckle tracking
Standard two-dimensional and Doppler echocardiography was performed in all patients the day before coronary angiography. Grey scale images with frame rates of 50 -80 frames/s were acquired by five experienced echocardiographers using a Vivid 7 scanner (GE Vingmed Ultrasound, Horten, Norway). Image loops of three consecutive heart cycles were digitally stored for further off-line analysis by an EchoPac workstation (GE Vingmed). Left ventricular ejection fraction (LVEF) was calculated using the modified Simpson biplane method. Visual assessment of the regional LV systolic function was performed at the time of examination using an 18-segment model of the left ventricle (three segments per wall) and a standard four-point scale for grading each segment (1-normokinesis; 2-hypokinesis; 3-akinesis; and 4-dyskinesis). Wall motion score index (WMSI) was calculated as the average of the scores of all LV segments. 17 Two-dimensional speckle tracking analysis was performed using commercially available software (EchoPAC version BT12; GE Healthcare, Milwaukee, WI, USA) by the investigator blinded to all other patient data. Each ventricular wall was divided into three segments, and the software generated longitudinal strain curves for all 18 segments. Global longitudinal strain (GLS) was calculated as the average of all segmental peak systolic strain values. 18 Myocardial contraction duration was measured as the time from the first deflection of the QRS complex (the ECG onset of R-or Q-wave) to maximum myocardial shortening including post-systolic shortening, if present. 19 It was assessed in all 18 LV segments and corrected for heart rate recorded during echocardiographic examination using the Bazett's formula. 14 Mechanical dispersion was defined as: (i) standard deviation (SD) of the 18 segmental time intervals to maximum myocardial shortening (dispersion SD18 ), and (ii) the time difference between the longest and shortest contraction durations (dispersion delta ) 12, 19, 20 ( Figure 1 ). We also calculated and compared mechanical dispersion of six basal, mid-wall, and apical LV segments (dispersion SD6 ), as well as of six anteroseptal vs. 12 inferoposterolateral LV segments (dispersion SDregional ). GLS and time-to-peak strain measurements were performed separately by two investigators unaware of any other patient data and the results of the respective other measurement.
Coronary angiography
Coronary angiograms were assessed by an experienced interventional cardiologist blinded to other patients' data, and each major coronary artery was inspected for significant lesions in two orthogonal planes. Significant CAD was defined as ≥70% diameter stenosis in any coronary artery. 21 
Statistical analysis
Continuous data are expressed as mean + standard deviation (SD), and categorical data are expressed as percentages. Depending on the distribution of the data, data were compared between two groups using paired and unpaired Student's t-tests or Mann-Whitney U tests for continuous variables and x 2 or Fisher exact tests for categorical variables. Correlation between myocardial contraction duration and QTc interval was described by Spearman correlation coefficient. For comparison of continuous variables among three groups, depending on the distribution of the data, analysis of variance or the Kruskal -Wallis test was performed, with post hoc pairwise comparisons between the groups, whereby adjustments to the significance level were made using the Tukey-Kramer method. Receiver operating characteristics (ROC) curves and their area under the curve (AUC) with 95% confidence intervals (CI) were calculated to assess the discriminative power of QTc interval duration and dispersion, mechanical dispersion parameters, WMSI, and GLS. The AUC values were compared using the method proposed by DeLong et al. 22 Uni-and multivariable regression analyses were performed to determine the value of traditional risk factors, WMSI, QTc interval duration and dispersion, GLS, and mechanical dispersion for the prediction of significant CAD. The multivariable regression model included variables with univariate P-value , 0.05. The relative merits of WMSI, QTc interval, GLS, and mechanical dispersion over traditional risk factors for detecting CAD were assessed by calculating the likelihood ratio test statistic and the global x . Finally, reproducibility of mechanical and QTc dispersion, WMSI, and GLS measurements was tested in 25 randomly selected patients and expressed as intra-class correlation coefficients (ICCs). All statistical tests were two-tailed, and a P-value of ,0.05 was considered significant. Statistical analysis was performed using commercially available software (PASW Statistics, version 18, SPSS, Inc., Chicago, IL, USA, and Medcalc, version 12.2.1.0, MedcalcSoftware, Mariakerke, Belgium).
Results
Baseline clinical and angiographic patients' characteristics are shown in Table 1 . Patients with significant CAD were older, more often male, and more frequently had arterial hypertension, diabetes mellitus, and b-blocker therapy than control subjects. Multi-vessel CAD was present in 97 (61%) patients. Echocardiographic and electrocardiographic data are summarized in Table 2 . Both mean contraction duration and QTc interval duration were longer in patients with significant CAD compared with control subjects (P , 0.05). In contrast to similar values of QTc dispersion in patients with and without significant CAD, mechanical dispersion, assessed as dispersion SD18 and dispersion delta , was greater in patients with significant CAD compared with those without. Patients with significant CAD also had higher WSMI and lower LVEF and GLS than control subjects. There was a moderate but significant correlation between QTc interval and mechanical contraction duration (r ¼ 0.47, P , 0.001) ( Figure 2 ).
Parameters associated with significant CAD in uni-and multivariate regression analyses are shown in Table 3 . GLS and mechanical dispersion parameters remained independently associated with significant CAD when adjusted for parameters known to influence longitudinal strain values (age, gender, diabetes mellitus, arterial hypertension, and b-blockers therapy), while QTc interval and QTc dispersion did not.
The relative merits of traditional risk factors, QTc interval, WMA, GLS, and mechanical dispersion for detecting significant CAD are shown in Figure 3 . QTc interval had an incremental value over traditional risk factors (age, male gender, arterial hypertension, diabetes mellitus, dyslipidaemia, smoking, and family history of CAD) for the detection of significant CAD. The addition of WMSI and GLS had an added diagnostic value over the combination of traditional risk factors and QTc interval. dispersion for the detection of significant CAD in a patient without WMA and normal GLS is illustrated in Figure 4 .
Receiver operating characteristic analysis
With a cut-off value of 43 ms, dispersion SD18 would have detected significant CAD with a sensitivity and specificity of 81 and 80% (AUC 0.87, CI 0.82-0.93, P , 0.001). The same sensitivity and specificity for the detection of significant CAD could be achieved by dispersion delta with a cut-off value of 132 ms (AUC 0.89, CI 0.84 -0.95; P , 0.001). There was no significant difference in accuracy between the two mechanical dispersion indices (P ¼ 0.118 for the difference between the AUCs). Importantly, both parameters of mechanical dispersion retained good discriminative performance when analysis was confined to patients without WMAs, with singlevessel and multi-vessel CAD ( Mechanical and QTc dispersion and the extent of CAD Data on mechanical dispersion, QTc interval, QTc dispersion, WMSI, and GLS with regard to the extent of CAD are shown in Table 5 .
Patients with more extensive CAD had more pronounced impairment of regional and global LV systolic function, as indicated by increasing WMSI and decreasing GLS in parallel with the extent of CAD ( Figure 5 ). Mechanical dispersion was, however, greater in patients with two-vessel CAD than in those with three-vessel CAD and controls. There were no significant differences in QTc dispersion among groups, while the QTc interval differed significantly only between control subject and patients with three-vessel CAD. Data on regional differences in mechanical dispersion are provided in Supplementary data online.
Reproducibility
ICCs for intra-observer variability were as follows: 0.97 for dispersion SD18 
Discussion
Using the surface electrocardiography and strain echocardiography, we demonstrated that QTc interval and myocardial contraction duration were longer in patients with significant CAD than in the control group. Our findings also indicate that mechanical, but not QTc dispersion, is independently associated with significant CAD. Further, both indices of mechanical dispersion, based on time-to-peak longitudinal strain, had an incremental value over traditional risk factors, QTc interval, WMSI, and GLS for the detection of significant CAD.
Pathological vs. physiological mechanical dispersion
Regional contraction and relaxation differences may be seen in both normal and diseased left ventricles. 8, 23 Physiological mechanical dispersion most likely originates from the local differences in ventricular architecture and wall stress while pathological mechanical dispersion is attributable to post-systolic contraction of dysfunctional but viable myocardium, which is an active, energy-consuming process. 24, 25 Thus, the differences in maximum contraction duration between non-dysfunctional and dysfunctional segments resulted in a greater mechanical dispersion in patients with significant CAD compared with those without. However, the relationship between the magnitude of mechanical dispersion and the extent of CAD was not linear-mechanical dispersion was greater in patients with twovessel CAD compared with those with three-vessel CAD and controls ( Figure 5 ). This can be at least partly explained by a high number of dysfunctional LV segments in patients with three-vessel CAD, as indicated by WMSI and GLS. Patients with three-vessel CAD had more ischaemic segments exhibiting prolonged myocardial contraction and thereby a lower amount of variation than patients with less extensive CAD and controls. Importantly, both indices of mechanical dispersion retained good discriminative power for detecting significant CAD in subsets of patients without WMA, patients with single-vessel and multi-vessel CAD.
On the other hand, physiological post-systolic myocardial shortening may be seen in approximately one-third of normal segments due to spatial and temporal inhomogeneities in myocardial relaxation. 7 Thus, in addition to differences related to the presence of significant CAD, we also observed an apex-to-base mechanical dispersion gradient and significant differences in dispersion between anteroseptal and inferoposterolateral LV regions in control subjects (see Supplementary data online, Figure S1 ). This observation supports the notion that mid segments of the anteroseptal wall normally relax earlier than adjacent apical and basal segments leading to an early post-systolic lengthening of mid-wall segments and an early postsystolic shortening of apical and basal segments. 7, 23 However, the magnitude of physiological mechanical dispersion was significantly lower than pathological dispersion and was comparable with previously reported values.
12,19
QTc interval duration and dispersion
Apart from inheritable syndromes characterized by mutations of genes affecting cardiac ion channels, several other mechanisms of QTc interval prolongation have been reported, including myocardial ischaemia, LV hypertrophy, elevated glucose and insulin levels, obesity, myocardial scar tissue, and autonomic neuropathy.
11,26
Our patients with significant CAD had longer QTc intervals but also more frequently had arterial hypertension, diabetes mellitus, and regional LV dysfunction than those without CAD. Hence, QTc interval had an incremental value over traditional risk factors for detecting significant CAD, but it was not independently associated with CAD in multivariate analysis, whereas QTc dispersion showed discriminative power for identifying significant CAD only in patients with multi-vessel disease. It thereby remains unknown whether QTc interval prolongation and QTc dispersion are markers of more extensive CAD or merely epiphenomena of higher level cardiovascular risk factors. Of note, our data also indicate that potential clinical utility of QTc interval duration and dispersion for identifying patients with significant CAD could be hampered by both low diagnostic accuracy and reproducibility.
Potential electromechanical correlations in the setting of CAD
We hypothesized that QTc interval prolongation was related to prolonged myocardial contraction, and our findings support such correlation in the context of CAD (Figure 2) . Admittedly, this relationship should primarily be investigated in invasive electrophysiological studies, but using the same non-invasive methodology, Haugaa et al. 12 found a significant correlation between mechanical and QTc dispersion in patients with congenital LQTS. Although it has not been previously investigated as a CAD marker in patients without a history of MI, mechanical dispersion assessed by strain echocardiography has been shown to predict recurrent ventricular arrhythmias independently of LVEF in post-MI patients. 19 A true causative relationship of subtle electrical changes and mechanical dysfunction and their possible arrhythmogenic potential in patients with significant CAD and no history of MI warrant further investigation.
Incremental value of mechanical dispersion for CAD detection
A stepwise increase in accuracy of regression models by adding LV asynergy and global strain to traditional risk factors confirms the importance of visually apparent and subclinical LV dysfunction for identification of patients with significant CAD. Moreover, the remaining diagnostic uncertainty could be further reduced by assessing myocardial mechanical dispersion. Although derived from the same longitudinal strain curves, it seems that global strain and mechanical dispersion do not provide identical information regarding regional LV function. The former is based on the peak amplitudes of segmental strains and may remain normal due to the effect of averaging while the latter is based on timing measurements and turn out to be abnormal even in the presence of mild dysfunction. Importantly, with an increasing number of dysfunctional segments in patients with multi-vessel CAD, mechanical dispersion also became smaller but still significantly above the threshold for abnormality.
Clinical implications
Ruling out significant CAD in a patient with chest pain and negative cardiac biomarkers is a costly and time-consuming process as it requires stress testing, non-invasive coronary angiography, or invasive coronary angiography. Novel echocardiographic parameters, mostly based on GLS assessment, may detect significant CAD in patients at rest, without the need for a stress testing. 1 -4,27 The present study demonstrated that the assessment of myocardial mechanical dispersion might identify patients with significant CAD and normal GLS. If confirmed in a large-scale study, this simple method for detecting significant CAD by assessing myocardial mechanical dispersion could improve the accuracy of currently used algorithms for the evaluation of patients presenting with chest pain.
Limitations
The performance of mechanical dispersion for the diagnosis of significant CAD not affecting LAD remains unknown, since all patients in the present study had significant LAD stenosis. Large prospective studies are needed to elucidate predictive value of myocardial dispersion in unselected patients with suspected CAD, reduced LVEF (i.e. heart failure de novo), and conduction delays. Further, some patients in our study might have unrecognized MIs, despite not having a history of MI or pathological Q-waves on the ECG. Ideally, the presence of myocardial scar tissue should have been excluded by contrast-enhanced cardiac magnetic resonance imaging. One could also speculate that b-blocker therapy could influence our data, but it should be noted that both QTc interval and myocardial contraction duration were corrected for heart rate using the Bazett's formula. In addition, when adjusted for b-blocker usage and also for covariates of age, gender, hypertension, and diabetes mellitus, both GLS and myocardial dispersion parameters remained independently associated with significant CAD. Finally, a relatively small sample size and unsolved issues regarding standardization of QT interval measurement and a definition of QT dispersion 28 could influence the reproducibility and the diagnostic power of QTc interval duration and dispersion reported in the present study.
Conclusions
The QTc interval and myocardial contraction duration are related to the presence of significant CAD in patients without a history of previous MI. Myocardial mechanical dispersion by strain echocardiography has incremental value over traditional risk factors, QTc interval, wall motion abnormalities, and GLS for the detection of significant CAD.
Supplementary data
Supplementary data are available at European Heart JournalCardiovascular Imaging online. 
